The evolution and spread of insecticide resistance is an important factor in human disease prevention and crop protection. The mosquito Culex quinquefasciatus is the main vector of the disease filariasis and a member of a species complex which is a common biting nuisance worldwide. The common insecticide resistance mechanism in this species involves germline amplification of the esterases est a 2 1 and est b 2 
Introduction
Mosquitoes are by far the most important vectors of disease worldwide. Resistance to pesticides, used for their control, undermines the principle mechanism of malaria, dengue and Japanese encephalitis control. Amplification of non-specific esterases occurs in > 90% of insecticide-resistant common house mosquito populations. Distribution of molecularly distinct alleles of the amplified esterases is geographically restricted, with the exception of the two esterases, est a 2 1 and est b 2 1 , which occur world-wide (Hemingway & Karunaratne, 1998) . These two amplified esterase genes are on the same amplified DNA unit (amplicon) (Fig. 1 ) in a headto-head arrangement 2.7 kb apart. In their non-amplified form the two esterases are only 1.6 kb apart in the susceptible PelSS strain, the difference resulting from one small and two large insertions in the amplified intergenic spacer . Restriction fragment analysis suggests that the common est a 2 1 / est b 2 1 amplicon has arisen only once and spread world-wide (Raymond et al ., 1991) . This unexpectedly rapid migration of resistant insects has enormous implications for mosquito vector and disease control. Why have insects with the est a 2 1 / est b 2 1 amplicon spread so rapidly? The hypothesis that the former mosquitoes benefit from two amplified esterases can effectively be discounted. Field insects with several variants of est b 1 (alleles of est b 2 1 ) have a coamplified est a 3. Both enzymes have identical electrophoretic mobilities, hence this was only recently reported (Raymond et al ., 1991) . These rarer amplified esterases are on a single amplicon, but are at least 10 kb apart and truncated copies of the amplicon can also occur which contain only the est b gene. Other rarer est a /est b -containing amplicons also occur (Poirie et al ., 1992) . All the esterases confer insecticide resistance by rapid binding and slow turnover, and the © 2000 Blackwell Science Ltd, Insect Molecular Biology , 9 , 93 -99
Est a 2 1 and Est b 2 1 enzymes are not significantly better in this respect than the other amplified esterase variants (Karunaratne et al ., 1995; Karunaratne & Hemingway, 1996) . However, once introduced into a population containing est a 3/ est b 1, the est a 2 1 / est b 2 1 phenotype in general rapidly replaces it (Bisset et al ., 1990; Rodriguez et al ., 1993; Hemingway & Karunaratne, 1998) , the exception being the Culex pipiens population in southern France where there has been serial replacement of resistance genes .
Estimates of the size of the est a 2/ est b 2 and est b 1 1 Culex mosquito amplicons from restriction fragments analysis have ranged from 30 to > 60 kb (Mouches et al ., 1990; Callaghan et al ., 1998; DeSilva, 1998) . The est a 2 1 and est b 2 1 genes are contained within ≈ 9 kb of DNA , hence other factors on the amplicon may contribute to the selective advantage that it confers. We now report the existence of a third expressed non-esterase gene on this common amplicon which is present only as multiple truncated 5 ′ ends on the est a 3/ est b 1 amplicon.
Results and Discussion
Restriction digest analysis of Culex mosquitoes from several continents with the est a 2 1 / est b 2 1 amplified genotype had previously suggested a common origin for this amplification (Raymond et al ., 1991) . As the amplicons on which these esterases occur are much larger than the esterasecontaining region, it was possible that further genes were coamplified with the esterases on these amplicons. (Fig. 2) . The only other close alignments for coding regions of this gene are with aldehyde oxidase (AO), an enzyme in the same molybdenum-containing hydroxylase family as xanthine dehydrogenase which also lacks the NAD + site. These sequences are from mammals and maize, no insect AO being available for comparison (Fig. 2) . The presence of this third gene in very close association with the esta gene posed the question of whether these two genes were associated only on the esta2 1 /estb2 1 amplicon as a result of the amplification or whether they occurred in this arrangement in the non-amplified genomic DNA. PCR with genomic DNA from the susceptible PelSS strain using primers to esta and the putative AO showed that the same arrangement of genes occurred in both the amplified and non-amplified DNA (Fig. 3) . As the susceptible PelSS strain was originally selected from the heterogeneous resistant field population, where the resistant insects carried the esta2 1 /estb2 1 amplicon, control PCR reactions were undertaken to ensure that the PelSS strain did not contain a low level of copies of this amplicon. The control PCR reaction utilized the 1 kb size difference in the intergenic spacer between the esta and estb genes in the amplified PelRR and non-amplified PelSS DNA. The PCR product, with the primers used, is 2 kb when primed from the amplicon and only 1 kb when primed from non-amplified DNA of either the heterogeneous COL SELECTED or PelSS. A single band of 1 kb occurred in this PCR reaction in PelSS (Fig. 3 , primers 3F/3R). This indicated that there were no copies of the amplicon in PelSS and hence the putative AO gene is also in an overlapping tail-to-tail orientation with the esta gene in the non-amplified genomic DNA of C. quinquefasciatus. Southern blots of genomic DNA from the insecticideresistant COL SELECTED strain, with amplified esterase esta3 1 and estb1, showed a very different pattern to that of the amplified esta2 1 /estb2 1 PelRR strain (Fig. 4) . Whereas PelRR genomic DNA had two amplified bands containing AO sequence of 7 and 3 kb after EcoRI digestion, the COL SELECTED strain had a ladder of amplified bands containing the 5′ end of AO. All these bands were amplified in comparison to the susceptible PelSS strain which had a single non-amplified EcoRI fragment of 7 kb containing AO. Probes to the middle and 3′ region of the putative AO did not detect amplified DNA fragments in the COL SELECTED Southern blots, suggesting that the ladder of bands with the 5′ putative AO probe represents a series of truncated 5′ ends of AO in COL SELECTED.
Reverse transcription PCR (RT-PCR) suggests that the amplified putative AO is transcribed in fourth-instar larvae of the resistant Pel RR insects, as a much weaker PCR band for the same loading of template was obtained from PelSS. Sequencing of the PelRR 500 bp RT-PCR fragment of AO also gave an exact match to the amplified AO genomic sequence, while analysis of the non-amplified RT-PCR products from PelSS suggested that this strain contained a different AO allelic variant. PCR using COL genomic DNA as a template showed that the putative AO gene is present in a non-amplified format in a similar orientation to esta in these resistant insects. PCR products of the expected sizes were obtained using a series of primers against the 3′ end of AO and 3′ end of esta. Previous work had already demonstrated that non-amplified copies of the esta and estb gene occur 1.6 kb apart in the COL ORIGINAL strain alongside coamplified versions of esta3 and estb1. This was confirmed in the current studies with the major PCR product in the COL ORIGINAL strain between primers 3F/3R being the 1 kb band from non-amplified copies of the intergenic spacer (see Fig. 3 ). In the highly resistant COL SELECTED strain there was no product from the PCR reaction with 3F/3R. Earlier work has shown that the intergenic spacer on the estb1/esta3 1 amplicon covers at least 10 kb of DNA (DeSilva et al., 1997) , hence the lack of a product in this reaction may be due to priming of DNA too far apart to produce a PCR product. In the COL SELECTED PCR reactions, no products were obtained with the primers IF/IR and IF/2R, although bands of the expected sizes occurred with 2F/1R and 2F/2R (Fig. 3) . This supports the Southern blot results suggesting that the 3′ end of AO is not coamplified with esta3 1 , although a minimum 500 bp fragment of this gene may occur 3′ to the end of esta3 1 . Alternatively, the lack of products with primer 1F in the COL SELECTED strain may just be due to primer mismatch of the amplified AO sequence (Fig. 3) . The occurrence of the AO gene immediately adjacent to esta in its non-amplified format in the genomic DNA of both COL ORIGINAL and PelSS further confirms that this is the standard genomic organization of the putative AO and the two esterase genes esta and estb. It also suggests that the three genes have been coamplified in the initial esta2 1 /estb2 1 amplification event, whereas truncation and subsequent duplication of the partial AO gene has occurred either during or subsequent to the amplification of esta3 1 /estb1. AO activity followed a similar pattern to the RT-PCR results. Polyacrylamide gels stained for AO activity gave strong bands with individual fourth-instar larvae and pupae of the PelRR strain and a weaker band with adults, but activity was below the limits of resolution on a gel for any life stage of PelSS ( 1 resistance had spread worldwide, we sequenced a 7-kb fragment of the amplicon from the PelRR, TANGA and JPAL strains of mosquito. These strains represent mosquitoes collected from three continents, yet the 7 kb fragments from all strains were absolutely identical at the nucleotide level, even though this region contained numerous non-coding regions. The equivalent region from the COL SELECTED strain shared ≈ 60% sequence homology with numerous indels in the non-coding region of the COL SELECTED strain compared to JPAL, PelRR and TANGA. This identity of sequence confirmed the very rapid spread of the esta2 1 /estb2 1 amplicon reported by Raymond et al. (1991) and suggested a large fitness advantage to mosquitoes carrying this amplicon in the presence of insecticide. Culex quinquefasciatus mosquitoes are unusual as a single insecticide resistance mechanism is predominant in this species worldwide (Raymond et al., 1991; Hemingway & Karunaratne, 1998) . A similar situation occurs in the aphid Myzus persicae, but the clonal asexual reproduction of the latter insect make this homogeneity relatively easy to explain. The common esta2 1 /estb2 1 mechanism in C. quinquefasciatus has spread worldwide very rapidly, as not a single base-pair change occurs over a 7 kb stretch of the resistance-associated amplicon in Culex from three continents, despite a high level of allelic variance with these esterases in their non-amplified or esta3/ estb1 amplified forms (Raymond et al., 1991; Hemingway & Karunaratne, 1998) . The presence of a large number of indels between the esta3 1 /estb1 amplicon and the esta2 1 / estb2 1 , and between these two amplicons and the nonamplified esterases in PelSS suggests that this region of DNA may represent a 'hot spot' for DNA duplication and rearrangement.
We have now discovered a third full-length AO gene on the esta2 1 /estb2 1 amplicon. AO is a member of the molybdenum-containing hydroxylase enzyme group. The most well studied member of this group is bovine xanthine oxidase. It is presumed that for all the enzymes of this group, substrates act at the molybdenum centre, reducing it from Mo(VI) to the Mo(IV) state. Reducing equivalents are then transferred via the iron sulphur centres and the enzyme is reoxidized by interaction with oxygen (Turner et al., 1995) . AO and xanthine oxidase have a broad overlap in substrate specificities. AO plays an important role in the metabolism of xenobiotics. It is involved in the reduction of N-oxides, nitrosamines, hydroxamic acids, azo dyes, nitropolycyclic aromatic hydrocarbons and sulphoxides (Calzi et al., 1995) . The role of the amplified AO in insecticideresistant Culex has yet to be determined, but we have shown that at least one insecticide and a herbicide, the latter often used in the Culex larval environment, are recognized as either substrates or inhibitors. This AO represents a major difference between this rapidly spreading common phenotype and the esta3 1 /estb1 amplified esterasebased resistant variant. The broad substrate specificities of this molybdopterin oxidoreductase gene family may allow the putative amplified AO in Culex to play a role in insecticide detoxication which will need to be elucidated with recombinant enzyme. There are suggestions from mammalian work that AO is involved in development of the central nervous system, which is the insecticides target site (Calzi et al., 1995) . It is possible that the AO gene occurs at or near the amplicon breakpoint. A complete copy of the gene is present only on the esta2 1 / estb2 1 amplicons and both RT-PCR and activity assays in the resistant and susceptible insects suggest that the amplified gene is transcribed in larvae, pupae and adults. The esta3 1 /estb1 amplicon from the COL SELECTED strain of Culex contains multiple duplicated fragments of the 5′ end of the putative AO gene at the presumed amplicon breakpoint (see Fig. 4 ). Whether this gene has had a role in gene amplification in resistant insects, or has been disrupted by the amplification and subsequently Figure 5 . Polyacrylamide gel of AO activity in samples of five pooled: larvae (L), pupae (P) and adult (A) of the PelSS and PelRR strains of Culex quinquefasciatus. Activity assays show that AO levels in the PelSS strain are considerably lower than those in the larvae and pupae of the PelRR strain.
undergone multiple duplications in its truncated form, is unclear. However, earlier reports in Anopheles albimanus showed that aldehyde oxidase maps close to an esterase gene in that mosquito, suggesting that this may be the normal gene order in mosquitoes (Narang & Seawright, 1983) .
Experimental procedures

Mosquito strains
The insecticide-resistant PelRR, containing esta2 1 /estb2 1 , and susceptible PelSS strains were established from Sri Lanka in 1986 (Amin & Peiris, 1990; Peiris & Hemingway, 1990) . The insecticide-resistant strains TANGA and JPAL, containing esta2 1 /estb2 1 , and COL, containing estb1/esta3 originated from Tanzania, Saudi Arabia and Colombia, respectively (DeSilva, 1998) . On colonization the COL strain had only a low frequency of insecticide-resistant individuals. The COL SELECTED strain was derived from COL by selection of fourth-instar larvae with temephos to give a highly resistant strain (DeSilva et al., 1997) .
Molecular analysis
Genomic DNA and mRNA were extracted from pooled PelRR mosquito homogenates as described earlier . The l GEM 11 vector (Promega) was used for genomic library construction as previously detailed DeSilva, 1998) . This was screened with a P 32 -labelled esta2 1 cDNA probe and multiple positive clones isolated. The DNA from each positive bacteriophage clone was digested with multiple restriction enzymes and mapped. A 7 kb fragment was assembled from TANGA, JPAL and COL by PCR from genomic DNA. This fragment contained the intergenic spacer between esta and estb, the whole of the esta gene and whole or partial estb gene (depending on the strain). The PCR fragments and PelRR genomic clone were sequenced in both directions using an ABI 377 automated DNA sequencer. A 9 kb stretch of DNA 3′ to the amplified esta2 1 from PelRR was also subcloned and sequenced from overlapping bacteriophage clones. A genomic library was subsequently made from COL SELECTED DNA in l GEM 12 as previously described (DeSilva et al., 1997) . This was screened with the 3′ ends of esta2 1 and estb2 1 and positive clones were mapped as detailed above. Alignments of the nucleotide sequences were carried out using the LASERGENE package (DNAstar). This package was also used to align multiple DNA sequences using the clustal method. PCR and RT-PCR were undertaken on genomic DNA and mRNA extracted from the PelRR, COL, COL SELECTED and PelSS strains using primers internal to the 9 kb stretch of DNA sequenced above. mRNA was isolated using the Poly(A)Tract mRNA isolation system IV (Promega). Reverse transcription of mRNA to cDNA was achieved with the Promega Riboclone cDNA synthesis system. Genomic DNA was extracted as previously described .
Southern blots
Genomic COL, PelRR and PelSS DNA was isolated from 0.5 -1 g wet weight of fourth-instar larvae and Southern blots prepared as described previously . Blots were probed with different fragments of DNA prepared from the 9-kb DNA sequenced 3′ to esta2 1 in PelRR.
In order to determine aldehyde oxidase activity and isozyme banding patterns, the homogenate from five each of larvae, pupae or adult PelSS or PelRR was run on a 7.5% native polyacrylamide gel. Aldehyde oxidase activity was developed with indole-3-aldehyde as a substrate (Omarov et al., 1999) .
